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Aneuploidy, or an abnormal number of chromosomes, adversely affects cell growth, but it is also
linked with cancer and tumorigenesis. Now, Torres et al. (2010) help to resolve this paradox by
demonstrating that aneuploid yeast cells can evolve mutations in the proteasome protein degrada-
tion pathway that alleviate imbalances in protein production and increase the cell’s proliferative
capacities.During mitosis, duplicated chromosomes
are equally distributed to daughter cells
so that the total number of chromosomes
is preserved through many generations.
Errors in chromosomal segregation can
lead to the loss or gain of chromosomes
in daughter cells, a condition known as
aneuploidy. Aneuploidy is a hallmark of
cancer cells (Albertson et al., 2003), but
the causality of the relationship between
aneuploidy and tumorigenesis remains
highly complex and controversial
(Schvartzman et al., 2010). Aneuploidy
can either promote or suppress tumor
formation, and the outcome depends on
the genetic and cellular context, including
the specific genes on the abnormal chro-
mosome, the extent of the aneuploidy, the
already accumulated genetic errors, and
specific features unique to the cell type
(Holland and Cleveland, 2009).
Paradoxically, despite its association
with uninhibited cell growth in cancer,
aneuploidy itself has adverse effects on
the growth of organisms and their indi-
vidual cells. The most straightforward
reconciliation of these contrasting proper-
ties is that aneuploidy initially inhibits
growth, but then the acquisition of addi-
tional mutations or chromosomal shuffling
increases the fitness of cells. In this issue
of Cell, Torres et al. (2010) demonstrate
that this is indeed true for aneuploid yeast
cells. The authors find that a general
feature of aneuploidy is proteomic stress
caused by an imbalance in protein syn-
thesis for the genes encoded on the extra
chromosome; in several cases, mutations
in a deubiquitination enzyme can alleviate
this stress and enhance cellular growth
and fitness.Earlier work by Torres and colleagues
(2007) described the physiological con-
sequences of yeast cells having an extra
copy of one or more chromosome. The
authors generated these disomic strains
by attempting to mate haploid yeast
cells carrying a mutation that prevents
fusion of the nuclei (i.e., karyogamy), lead-
ing to unsuccessful or abortive matings
(Hugerat et al., 1994). In these experi-
ments, one chromosome of the parental
yeast strains also contained a selection
marker, such as a gene that supports
growth in the absence of an essential
amino acid histidine (HIS) or one that
confers resistance against G418 (also
known as Geneticin), an aminoglycoside
that interferes with protein synthesis
elongation (Bar-Nun et al., 1983). During
the abortive matings, the marked chro-
mosomes were occasionally transferred
between two nuclei, and the chromo-
somal markers allowed for the selection
of disomic clones on G418-containing
and histidine-deficient media. Most of the
aneuploid strains isolated possessed a
growth defect on a nonselective medium,
and this deficiency was enhanced on
the selective medium. Furthermore, the
growth defects were due primarily to
a delay in the G1 phase of the cell
cycle.
As anticipated, analysis of the tran-
scripts in these disomic yeast strains
revealed that most genes on the extra
chromosome are transcribed at twice
the rate as the rest of the genome. On
the other hand, expression levels of a
small number of proteins, especially those
that are subunits of multiprotein com-
plexes, are not elevated. All of the disomicCell 1strains also displayed increased energy
requirements and enhanced sensitivity to
conditions that interfere with protein syn-
thesis, folding, and degradation. These
findings led the authors to propose that
proteotoxic stress due to imbalanced pro-
tein expression might be responsible for
the reduced fitness of disomic yeast cells
(Figure 1, top). Furthermore, the cells’
enhanced sensitivity to proteasome inhib-
itors may reflect an increased reliance on
protein degradation to restore proteomic
balance in the disomic yeast cells.
Now, in their new study, Torres and
colleagues (2010) examined 13 different
haploid yeast strains, each with an extra
copy of one of the 16 yeast chromo-
somes. They grew the disomic strains
over several generations in the selective
medium. Initially, the doubling times of
these strains were significantly longer
than the control cells. However, after
a variable number of generations, 11 of
the cultures sped up their doubling
times. The authors isolated individual
clones from these ‘‘evolved’’ cultures to
identify the basis of their improved growth
rates (Figure 1, bottom). Comparative
genome hybridization analyses showed
that descendants of three disomic strains
had lost large parts of their additional
chromosome. These deletions alone may
have accounted for the improved pro-
liferation of the descendants. Of interest,
however, three independent clones pos-
sessed the same duplication of a 183 kb
fragment from the short arm of chromo-
some XVIII, suggesting that genes located
in this fragment may also play a role in
increasing the proliferative ability of these
aneuploid yeasts.43, October 1, 2010 ª2010 Elsevier Inc. 27
Figure 1. Aneuploidy Induces Proteotoxic Stress
(Top) An extra copy of an individual yeast chromosome, or disomy, causes imbalanced expression of the
proteins encoded on that chromosome. Adding an inhibitor of protein synthesis, such as G418 (Geneticin),
increases the errors in translation and enhances the proteotoxic stress. This stress reduces fitness and
inhibits cell growth primarily during the G1 phase of the cell cycle.
(Bottom) Suppressers of proteotoxic stress, including mutations in components of the ubiquitin/protea-
some pathway, can ameliorate the proteomic imbalance and restore fitness (Torres et al., 2010). For
example, disrupting the deubiquitinase UPB6 can increase the growth rate of aneuploid cells by triggering
more rapid protein degradation by the proteasome.To identify point mutations that
increased the fitness of the aneuploid
yeast, Torres and colleagues then
sequenced several of the evolved isolates
from six of the disomic strains that
retained the extra chromosome. Strik-
ingly, they found that four genes of the
ubiquitin/proteasome pathway, UBP6 (a
deubiquitinase), RPT1 (an ATPase of the
proteasome), RSP5 (E3 ubiquitin ligase),
and UBR1 (E3 ubiquitin ligase), were
mutated in the descendents of five dif-
ferent disomic strains. Two independent
strains (disome V and disome IX) con-
tained distinct truncations in a gene
encoding the deubiquitinating enzyme
Ubp6 that interacts with the proteasome.
Both truncations impair the deubiquiti-
nase catalytic activity of Ubp6, but not
its association with the proteasome (Leg-
gett et al., 2002).
The authors next tested whether muta-
tions in the Ubp6 deubiquitinase alone28 Cell 143, October 1, 2010 ª2010 Elseviercould directly help aneuploid yeast
recover more normal growth rates.
Indeed, in some cases, it did. Mutating
UBP6 increased the fitness of two
disomic strains in selective medium and
two strains (disome V and disome XI) in
both selective and nonselective media.
This latter finding is especially important
because a gain of fitness in only the selec-
tive medium could reflect a suppressive
function of the UBP6 mutation against
the action of the elongation inhibitor
G418. A final cautionary note is that the
effect of mutating UBP6 was not consis-
tent across the different disomic strains;
in fact, it decreased the fitness of two
disomic strains.
How could losing the deubiquitinating
activity of Ubp6 increase the growth rate
of aneuploid yeast cells? Ubp6 has been
shown to reduce the activity of the protea-
some, although this function of Ubp6
apparently does not require the deubiqui-Inc.tinase catalytic activity (Hanna et al.,
2006). Nevertheless, mutating Ubp6 may
restore proteomic balance in the cell
by generally boosting protein degrada-
tion by the proteasome or by increasing
the proteasome’s activity on selective
substrates.
To distinguish between these two pos-
sibilities, Torres and colleagues deleted
UBP6 in the disomic strains and then
used a combination of mass spectrom-
etry and SILAC (i.e., stable isotope
labeling with amino acids in cell culture)
to analyze the effects of the deletion on
the yeast proteome. They chose two
disomic strains for these experiments:
disome V, in which deletion of UBP6
improves fitness, and disome XIII, in
which the mutation has no effect.
As expected, adding the extra chromo-
some increased the average abundance
of proteins encoded on the chromosome
by nearly 2-fold. Disomy also caused a
significant change in the relative abun-
dance of a number of proteins across
the whole proteome; whereas some
proteins increased in concentration by
nearly 2-fold, others decreased to nearly
half the levels of haploid cells. For disome
V, deleting UBP6 substantially attenuated
these changes in protein abundance, and
protein levels approached those of
haploid cells. In particular, loss of UBP6
in disome V downregulates proteins with
relatively high expression levels without
affecting their transcription but transcrip-
tionally upregulates proteins with rela-
tively low expression levels. Curiously,
deleting UBP6 in disome XIII does not
increase transcription of proteins with
relatively low expression levels, and this
difference may explain why mutating
UBP6 does not enhance the fitness of
disome XIII.
The implication from the new findings
by Torres and colleagues is that extra
chromosomes generally increase proteo-
mic stress by elevating the cost of protein
synthesis, folding, and degradation due to
the imbalance of proteins produced
(Figure 1). Thus, although each additional
chromosome creates an altered abun-
dance of a different set of encoded pro-
teins, any extra chromosome leads to
a growth disadvantage.
As the authors note, these new results
raise the possibility that aneuploid cancer
cells are under profound proteotoxic
stress and thusmust rely on the increased
activity of the ubiquitin/proteasome path-
way to maintain their proliferative state.
This hypothesis provides an elegant ratio-
nale for extending the use of proteasome
inhibitors (such as Velcade) to treating
many types of cancers with aneuploid
cells; currently, these inhibitors are clini-
cally approved for treating only the over-
production of immunoglobulin synthesis
in multiple myeloma. In this regard, the
next step is to determine the extent to
which tumor cells with chromosomal
instability experience proteotoxic stress
and then to test whether increasing thisstress with proteasome inhibitors controls
their growth.REFERENCES
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The coordinated growth of epidermal cells in plant leaves creates the characteristic jigsaw puzzle
appearance of the pavement cells. Now, Xu et al. (2010) report that AUXIN-BINDING PROTEIN 1
mediates auxin activation of twoGTPase pathways that antagonistically control planarmorphogen-
esis of leaf epidermal cells to create this distinctive pattern.Multicellular organisms rely on cell mor-
phogenesis within tissue layers to shape
organs during development. One striking
example is the growth of pavement cells
in the epidermis of plant leaves. As the
leaves expand, alternations in lobes and
indentations between cells give the layer
of pavement cells a characteristic jigsaw
puzzle appearance (Figure 1, left) (Yang,
2008). Although in animals cell morpho-
genesis within the plane of a tissue layer
relies on signaling through the planar
cell polarity pathway (named after the
receptor mutant ‘‘frizzled’’), plants have
different strategies for signaling planar
morphogenesis (Fischer et al., 2006). The
plant hormone auxin is known to coordi-
nate cell morphogenesis within the plane
of a tissue layer, and an array of specificRho-of-plant (ROP) small GTPases dir-
ectly reorganizes the cytoskeleton during
cell morphogenesis (Yang, 2008). How-
ever, it is unknown how auxin is perceived
and how its signal is transduced to
responding ROP-GTPases to direct cyto-
skeletal rearrangements. Two auxin
receptor systems could be involved: the
TIR1/AFB family of receptors, which
directly modulate gene expression in
response to auxin (Mockaitis and Estelle,
2008), or AUXIN-BINDING PROTEIN 1
(ABP1), which is located in the secretory
pathway and is secreted in some plant
species (Tromas et al., 2010). Disrupting
theABP1 gene causes early death of plant
embryos,making it difficult to characterize
the roles of ABP1 in plant development
(Tromas et al., 2010). Thus, the ABP1signaling pathway is still quite enigmatic.
Now, in this issue of Cell, Xu et al. (2010)
report that ABP1 senses auxin and
then rapidly activates two antagonizing
ROP-GTPase pathways in the cytoplasm,
which orchestrate planar morphogenesis
of pavement cells.
Xu et al. first demonstrate that auxin
modulates the shape of pavement cells
in the model plant Arabidopsis thaliana;
the external application of auxin increases
the lobing of the pavement cells, whereas
mutating four genes required for the
synthesis of auxin reduces interdigitated
growth (i.e., the lobes decrease in num-
ber). In a previous study, interfering with
the expression of two ROP-GTPases,
ROP2 and ROP4, decreased the lobing
of the pavement cells (Fu et al., 2005).43, October 1, 2010 ª2010 Elsevier Inc. 29
